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 Abstract. 
The resulting limit cycle amplitude and frequency spectrum of a flame placed in a combustor of 
rectangular cross section is investigated. The partially premixed flame is stabilized on a bluff body 
placed in the upstream half of the combustor. The bluff body is an equilateral triangular wedge 
with one of the edges pointing in upstream direction. Acoustically there is an open downstream 
end and theer are variable acoustic conditions at the upstream end. 
In order to assess the properties of the flame in this combustor, steady state flame simula-
tions have been performed of the flame in the enclosure. These provided the fields of the mixing 
of gases, temperature and the velocity.  
A test rig was manufactured for this burner at the University of Twente. In a first set of ex-
periments, gas temperature, pressure field and flame chemiluminescence in the combustor were 
measured as a function of power and acoustic inlet condition. It was observed that the combustor 
exhibited strong natural pressure oscillations. The measured pressure, temperature and chemilu-
minescence data are compared to the CFD simulations and to numerical calculations of the acous-
tics presented in a companion paper by M.Heckl. 
 
1. Introduction 
Sound generation by turbulent flames originates from the fluctuating heat release in the flame. 
When a flame, enclosed by a combustor, is exposed to pressure waves traveling through the com-
bustor, the flame can amplify these waves. The resulting limit cycle amplitude and frequency 
spectrum depends on the combustor and flame properties. This is investigated in a flame placed in 
a combustor of rectangular cross section with an open downstream end and variable acoustic con-
ditions at the upstream end. The partially premixed flame is stabilized on a bluff body placed in 
the upstream half of the combustor. The bluff body is an equilateral triangular wedge with one of 
the edges pointing in upstream direction. The combustor design is presented in section 2. 
 
In order to assess the properties of the flame in this combustor, steady state flame simulations 
have been performed of the flame in the enclosure. These provided the fields of the mixing of 
gases, temperature and the velocity. The temperature field and (depending on the level of detail) 
the aerodynamics-combustion correlations are an input to numerical/analytical calculations of the 
acoustics. See for this the parallel paper by M. Heckl of Keele University. The CFD method and 
results are presented in section 3. 
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A test rig was manufactured for this burner at the University of Twente. Important for the acoustic 
behavior is the condition at the upstream and downstream end of the combustor. The latter is al-
ways open, but and effort is made to vary the type of condition at the upstream end. In order to 
determine the exact acoustic conditions at this end, they are measured by means of the two micro-
phone method. The results of the measurement of the upstream end conditions are presented in 
section 4. 
 
In a first set of combustion experiments, gas temperature, pressure field and flame chemilumines-
cence in the combustor were measured at a thermal power of 24 kW and several acoustic/fluid 
mechanical inlet conditions. These results are discussed in section 5. It was observed that the com-
bustor exhibited strong natural pressure oscillations. The measured pressure spectra will be first 
results to serve as a validation of the analytical work performed at Keele University. The combus-
tor in limit cycle operation is proposed to serve as a core test rig to be explored in the Marie Curie 
project LIMOUSINE. A conclusion based on these first results is formulated in section 6. 
 
Combustor Design 
The combustor design is assembled of a tube of rectangular cross section, in which a triangluar 
wedge is placed. Downstream of the wedge the tube is widened perpendicular to the wedge, in order 
to allow for the drop in flue gas density downstream the flame front. Air is introduced at the bottom 
end of the tube by injection through a porous plate. This air flow is controlled by a mass flow con-
troller valve. The porous plate can be moved downwards, creating a gap that changes the acoustic 
condition, but also introducing additional and uncontrolled air flow into the tube. Parallel to the 
wedge splitter plates are placed, to split the air flow past the wedge. Gas is injected into the air flow 
by means of 39 holes on left and right side of the wedge.  
 
 
Figure 1: Sketch of burner geometry.  
 Table 1. Combustor specifications. 
 
In figure 1 a sketch is provided of the combustor geometry. An overview of the main combustor 
specifications is given in table 1. At a number of locations at the side, semi infinite tube connections 
are made and Kulite XTE190M pressure transducers mounted. Also mounted are a number of 
thermo couples, protruding to the centre of the combustor. 
 
At the CI conference 2008 in Montreal, Kok became aware that Lieuwen et al. performed experi-
ments on a premixed natural gas flame stabilized on a similar wedge. Downstream the wedge, the 
Height up/downstream [mm] 322/1106 
Width of the combustor   [mm] 200 
Depth up/downstream [mm] 27/50 
Wedge side dimension [mm] 21.2 
Upstream air velocity  [m s-1] 2.04 
Cold flow Reynolds number  1500 
Combustor power [kW] 23.5 
Wedge side equivalence ratio  0.8 
Gas injection velocity 
 
[m s-1] 8.16 
Nr of gas injection holes  78 
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flow was however not contained. They investigated the flame response to perturbations in the mix-
ture inlet flow upstream of the wedge.  
 
 
2. Computational fluid dynamics simulations 
Prior to the manufacturing of the combustor, the steady state flame behavior was explored 
with the use of Computational Fluid Dynamics. Applying CFX 11, the computational domain was 
defined and meshed. The combustion process was simulated with the application of the Eddy Break 
Up model. More advanced models are available in our laboratory, but will be applied in the Limou-
sine project in connection with unsteady calculations. The EBU model serves well to get an impres-
sion of the main steady state flame appearance. Figures 3 and 4 give the predicted temperature field 
in a cross section perpendicular to the wedge and through the centre line of the wedge respectively. 
It can be observed, that a high temperature zone is present in the recirculation area downstream the 
wedge, and extended downstream the wedge to approximately 1.5 times the wedge dimension. The 
temperature reaches a maximum of 2200 K and relaxes to 1400 K downstream the flame, due to 
mixing with the shielding air layer at the side. The temperature near the walls remains limited to 
about 800 K thanks to the shielding air. Figure 4 shows that the flame is two dimensional in nature. 
 
 
 
 
Fig. 3 (L) Temperature perpendicular to wedge. Fig. 4 (R) Temperature parallel to wedge. 
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Fig 5 (L) Velocity vector field perp to wedge.  Fig 6 (R) mixture fraction perp to wedge. 
 
Figure 5 presents the velocity vector field perpendicular to the wedge. It clearly shows the re-
cicrulation area downstream the wedge. This hot flue gas recirculation anchors the flame to the 
wedge. The mixing of the natural gas with the air flow is shown in figure 6 by the field of mixture 
fraction. A relatively rich area with equivalence ratio 0.8 can be observed in the dead flow region 
downstream the wedge. Further downstream the flow mixes up rapidly to the lean overall equiva-
lence ratio of about 0.4. 
3. Measurement of Acoustic End Conditions 
The acoustic conditions of the upstream end were investigated by means of the two-microphone 
method. The explored configuration had a length of 322 mm from upstream end to burner top and 
1106 mm from burner top to downstream end. A loudspeaker connected to an amplifier and a signal 
generator was placed at the downstream tube end. A sound signal of about 80 Hz was emitted into 
the tube. The pressure was measured at two locations at the downstream end (80 and 260 mm from 
the end). On basis of the sampled time signals of both microphones, the auto spectra and the cross 
spectrum of the pressure at both locations could be calculated. The pressure in the frequency do-
main at each location can now be formulated as: 
1 1
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The reflection coefficient R at the upstream end is now defined as:  
=
bR
a
     (2) 
With the use of eq (1) the auto and cross correlation at reference location j and signal location i, can 
now be evaluated from: 
=( ) * ( )i j ijp x p x S   (3) 
On basis of equations 1 and 3 this results for the two choices of i and j in 4 independent equations 
for the unknowns a, b and their complex conjugates a* and b*.  With the use of Matlab the func-
tions Sij were determined from the time series. A representative result for the autocorrelation S43 is 
given in fig. 7. Clearly can be observed the signal peak at the loudspeaker frequency of 78 Hz, and 
the accurately recorded time delay, visible as a flat level in the phase diagram at that frequency. 
Subsequently the 4 equations were solved for the 4 unknowns with the use of Matlab. The re-
flection coefficient is then found from: 
= =
*
*
b bbR
a ab
   (4). 
The results are given in table 1, for the 3 investigated end conditions: “closed” (with the baffle plate 
against the combustor tube), with a 2 cm gap and with an 11 cm gap. 
 
The 11 cm gap behaves behaves like a 
perfect acoustic open end, with no energy 
lost. The 2 cm gap is still open, but not a 
perfect open end anymore, and shows 
some energy loss. The “closed” end be-
haves not like a closed end at all. In fact 
in this situation the air supply tube is 
acoustically coupled without energy loss to the combustor. 
Case Real 
value 
Imaginary 
value 
RR* 
“Closed” 
end 
-0.95 -0.36 1.03 
2 cm gap -0.93 0.00 0.87 
11 cm gap -1.00 0.00 1.00 
Table 1. Upstream end reflection coefficients 
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Fig. 7. The cross spectrum S43 between pressure transducers at locations 3 and 4. 
 
4. Measurement of Combustion Driven Oscillations 
As a next step the combustor was tested in conditions fired at 24 kW and equivalence ratio 0.8 
at the wedge channel. The air injector was mounted such that there was a 2 cm gap. 
 
Fig 8 (L). Pressure as a function of time at transducers 3 and 4; initial situation. 
Fig. 9 (R).  24 kW, equivalence ratio 1, 2cm open end, time recording of pressure. 
 
It was obvious that an oscillation of the flame and pressure was developing. The pressure time 
signal shows a growth with time of the signal, developing into a limit cycle. This is shown in figure 
8 for the pressure transducers 1 and 2, mounted 180 and 930 mm downstream the burner and for the 
upstream burner pressure transducers 3 and 4 (260 and 80 mm from the upstream end). The time 
signal after some minutes, when the limit cycle is fully developed is shown in figure 9. Clearly a 
saturated amplitude limit cycle can be observed, with some low frequency oscillation superimposed. 
The auto spectra of all 4 pressure transducers are given in fig. 10. 
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Fig. 10 square root of the Auto spectrum of all pressure transducers. 
 
The auto spectra clearly show a strong oscillation at the frequency of 83 Hz. This is much 
lower than expected on basis of the acoustic eigenfrequency of the non driven system at the tempera-
tures measured of 700 K +/- 50 K. These temperatures are much lower than predicted, possibly due 
to additional air flow through the open end and/or faster mixing of the shielding air. 
 
Fig. 11. 24 kW equivalence ratio 0.8, 2cm open end,. 
 
The Sound Pressure level of all transducers is given in fig. 11. Observed can be the oscillation 
at 83 Hz, with amplitudes of about 150 dB at locations 1,2 and 3. The level of pressure transducer 4 
can be ignored, as afterwards it was found that its amplifier was defect. Again oscillations are visible 
at harmonic frequencies up to 670 Hz. Remarkable is the fact that the amplitude is almost constant at 
locations up- and downstream of the burner. Also something that can not be explained from pure 
acoustics is the low oscillation frequency of the system. It was suspected that the burner wedge itself 
was responsible for autonomous oscillations.  
Hence an experiment was performed similar to that of Lieuwen, with the top end removed of 
the combustor, having a flame in the open field. Lieeuwen reported in their 2007 paper that in the 
absence of acoustic forcing, there are no periodic disturbances of the flame front. When performing 
the experiment in Twente with the combustor top removed, difficulties were encountered to have the 
flame stabilized. In the end a flame could only be sustained with the air injector tight against the 
combustor, and an equivalence ratio of 1.4 at the wedge. This is an overall equivalence ratio of 0.7. 
Apparently without the top, the shielding air mixes too fast with the combustible mixture, and the 
flame becomes too lean to stabilize. At the tested combustor condition of equivalence ratio 1.4, there 
were not any oscillations observed of the flame. This is consistent with Lieuwens findings.  
The question remains what happens with the top mounted. According to Shanbhogue, the flow 
downstream the wedge is a complex interaction of a boundary layer, free shear layer and wake [3]. 
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In turn, each of these constituent flow-fields exhibits a range of dynamics. Both absolute and 
convective instabilities are present: asymmetric vortex shedding, due to the wake, and Kelvin-
Helmholtz instability, due to the separated shear layer, respectively. The wake mode can induce a 
Von Karmann vortex street downstream the wedge and with a width slightly more than the wedge 
size. In Milne Thomson the following expression can be found (pp 378-380 ) for the vortex passing 
frequency as a function of the vortex separation “a” and the street width “b” for a VK vortex street:   
2
0.8814
tanhVK
bf
a a
pi
 
=  
 
  (5) 
The vortex system is in a stable situation if the following relation as satisfied between a and b: 
0.281/a b=     (6) 
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Fig. 12. Von Karmann Vortex Street frequency as a function of vortex separation. 
Combining equations 5 and 6, the Von Karmann Vortex frequency cis plotted as a function of b in 
fig. 12. It follows that an oscillation frequency of 83 Hz is predicted at a vortex street width of 24 
mm. This is slightly wider than the wedge (21 mm) and hence can be triggered by vortices shed at 
the edge of the wedge. The vortices can be linked to the dynamics of the combustion process, which 
has a dominant frequency estimated by (taking 1.1 times the wedge size as the length of teh recircu-
lation area from fig. 5) : 
2.05 85
1.1* 1.1*0.021
air
CD
wedge
uf Hz
d
= = =  (7) 
In case of a Kelvin Helmholtz instability the shear layer dynamics are important. The most amplified 
frequency of shear layer oscillations, fSL, scales as Us/, where  is the shear layer thickness and Us 
is the velocity at the point of rollup of the shear layer. The ratio of shear mode frequency fSL to Von 
Karmann vortex frequency can be calculated using the relation (Prasad and Williamson): 
( )0.67SL D
VK
f
  0.0235  Re
f
= .  (8) 
With an upstream air velocity of 2.04 m/s the Re number becomes 2120 and the ratio fSL/fVK equal to 
4.0. Hence this frequency is much higher than that of the observed oscillation, which is about equal 
to fVK. The oscillation is hence probably not the result of a Kelvin Helmholtz instability. 
5. Conclusions and outlook 
The interaction of pressure oscillations and combustion dynamics was investigated in a laboratory 
scale combustor. The combustor design was investigated with the use of CFD with respect to the 
steady state combustion characteristics. The acoustic end conditions were measured in the atmos-
pheric quiescent condition with the use of the 2 microphone method. The end appeared to behave 
like an open end in all situations. The combustor was fired and showed limit cycle behavior. The 
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main oscillation frequency was around 83 Hz and the amplitude of the oscillation was almost con-
stant over the length of the combustor with a value of about 600 Pa. The possibility of autonomous 
combustion dynamics was explored with the top off the combustor. No oscillations were found, but 
unfortunately only much richer combustion situtions could be tested. Indications were found that 
the resonant oscillation is generated by a coupling of combustion dynamics to vortex shedding in a 
Von Karmann street. The resulting combustion oscillation drives the acoustic oscillations in the 
combustor tube. As can be found in the paper by Heckl, the measured pressure distribution does not 
compare well with behavior induced by a monopole source at the burner base. This needs further 
exploration. The observed oscillation mechanism appears not to be the desired  mechanism. The 
design needs to be changed in two ways in order to study the targeted 2 way interaction between 
combustion dynamics and acoustics. The air velocity and power need to be increased, in order to 
avoid the observed Von Karmann vortex coupling as given by eqs 5 and 7. There is an upper limit 
to avoid coupling with the shear layer dynamics, as given by eqs 7 and 8. With a view to the acous-
tic coupling, the combustion dynamics time scale needs to be brought closer to the acoustic eigen 
frequency of 150 Hz. This can be achieved by increasing the flue gas temperature, by omitting the 
shielding air, or by increasing the air velocity. An initial guess for improved limit cycle operating 
conditions might be to increase the air velocity to 4 m/s and the thermal power to 48 kW. The com-
bustion dynamics time scale is then expected to reduce and to resonate at 160 Hz, which is close to 
the acoustic eigen frequency computed by M. Heckl. 
ACKNOWLEDGEMENTS 
The Royal Society supported the development of this combustor with the award of an Interna-
tional Joint Project, which is gratefully acknowledged. The assistance of Dr. Heckl in the calculation 
of the reflection coefficient is appreciated. Also thanked is Prof. Lieuwen of Georgia Tech Univer-
sity for the communication on wedge stabilized flames.        
REFERENCES 
Heckl, M., Combustion instabilities in two-dimensional resonators: theory, Proceedings 16 Interna-
tional Congress on Sound and Vibration, 2009, Krakow, Poland. 
 
Milne-Thomson, L.M., Theoretical Hydrodynamics, 5th ed., MacMillan press, London, 1968. 
 
Prasad A. and Williamson, C. H. K., “The instability of the shear layer separating from a bluff 
body”, Journal of Fluid Mechanics, Vol. 333, pp. 375-402, 1997 
 
S. Shanbhogue et al., Flame-sheet dynamics of bluff-body stabilized flames during longitudinal 
acoustic forcing, Proc. Combust. Inst. (2009), doi:10.1016/j.proci.2008.06.034 
 
Santosh Shanbhogue, Dmitriy Plaks and Tim Lieuwen, Interaction of Bluff Body Flames with the 
Shear Layer under Harmonic Excitation, 21st ICDERS July 23-27, 2007 Poitiers, France 
